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Design of integral controllers for nonlinear systems
governed by scalar hyperbolic partial differential
equations
Ngoc-Tu Trinh, Vincent Andrieu, and Cheng-Zhong Xu?
Abstract—The paper deals with the control and regulation
by integral controllers for the nonlinear systems governed by
scalar quasi-linear hyperbolic partial differential equations. Both
the control input and the measured output are located on the
boundary. The closed-loop stabilization of the linearized model
with the designed integral controller is proved first by using the
method of spectral analysis and then by the Lyapunov direct
method. Based on the elaborated Lyapunov function we prove
local exponential stability of the nonlinear closed-loop system
with the same controller. The output regulation to the set-point
with zero static error by the integral controller is shown upon
the nonlinear system. Numerical simulations by the Preissmann
scheme are carried out to validatethe robustness performance of
the designed controller to face tounknown constant disturbances.
Index Terms—Boundary control, PI controller, hyperbolic
system, Lyapunov function, partial differential equations, expo-
nential stability, numerical simulation.
I. INTRODUCTION
The paper is concerned with the control of nonlinear
systems governed by scalar quasi-linear hyperbolic partial
differential equations. This type of systems appear in many
industrial applications and in study of traffic flow. For instance,
quasi-linear hyperbolic equations include Burgers equations
[8] which are employed in modeling turbulent fluid motion.
Another example is given by the equation employed by
Lighthill-Whitham in [21] to describe traffic flow on long
crowded roads. Finally scalar conservation laws can also be
regarded as a particular simpler case of quasi-linear hyperbolic
systems under some regularity assumptions (see for instance
[2], [6]).
The problem of controlling systems governed by hyperbolic
partial differential equations (PDE) with both inputs and
outputs on the boundary has attracted a considerable amount
of studies [14], [5], [13]. Interested readers can find a nice
literature review on the fields in the section 2 of [10] and in [2].
Many available results have established appropriate boundary
conditions to ensure asymptotic or exponential stability of the
equilibrium state as in [20], [15], [9], [10], [18] and [31] or
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[32] (most of them in C1 topology but also in the H2 topology,
see [9]).
In these papers the boundary conditions are given as a
function of the output. In other words, it is the static control
law that has been investigated. As it is well-known, one of the
drawbacks of this type of controllers is the lack of regulation
effect in the presence of constant perturbations. This motivates
the introduction of integral actions in the control law by using
a dynamic output feedback.
In this paper, our objective is to design an integral controller
to guarantee asymptotic stability of the equilibrium of the
nonlinear closed-loop system and the output regulation to a
given set-point. The idea of using dynamic output feedback
control for infinite dimensional systems is inspired by the
works of [25], [26] and [30], with implementation of integral
action for infinite-dimensional linear systems. These results
have been further developed in recent publications for lin-
earized hyperbolic systems, by using Lyapunov techniques in
[33] and [12], by using Laplace transformation in frequency
domain in [1] and by using a semi-group approach in [33] and
[29]. The backstepping method has been exploited in [19] to
elaborate PI (proportional and integral) controllers in the same
context. For nonlinear systems, the work of Tamasoiu [27]
considers a PI controller with damping for a scalar hyperbolic
system. However it loses the regulation effect because of the
damping required in the PI controller. It is also interesting
to note that asymptotic stabilization of entropy solutions to
scalar conservation laws has been recently studied by Perrollaz
in [24] and by Balandin et al. in [3]. In particular they have
considered the stabilization problem of weak entropy solutions
by boundary control and internal control around a constant
equilibrium state for a scalar 1D conservation law with strictly
convex flux. In [24] an internal state feedback control law has
been designed to asymptotically stabilize the entropy solutions
around a constant equilibrium in the topologies L1 and L∞.
A stabilizing nonlocal boundary control law (depending on
time and the whole initial data) has been proposed in [3] to
get asymptotic stability of the constant equilibrium in the L2
topology.
In our work, we consider a 1D scalar conservation law
with strictly increasing flux. We are interested in the classical
solutions of the system around an equilibrium state. We
propose a boundary integral output feedback controller to
asymptotically stabilize the system. The local stability and
the regulation effect for the nonlinear closed-loop system are
proven in the H2 topology by using Lyapunov techniques. The
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contribution of our paper is threefold: (i) inspired from [9]
we construct a new Lyapunov functional to prove exponential
stabilization of the closed-loop system with the designed
integral controller; (ii) we provide a mathematical proof of the
regulation effect with zero static error offered by the integral
action of the dynamical control law; (iii) the Preissmann
scheme is implemented to realize numerical simulations for
the nonlinear closed-loop PDE system.
The paper is organized as follows. Section II is devoted to
the statement of the regulation problem and the announcement
of the main result. Section III presents the proof of the main
result. More precisely, in Section III-A asymptotic stabilization
of the linearized system is considered by proposing a Lya-
punov functional; In Section III-B the stabilization problem
is solved for the nonlinear system by extending the proposed
Lyapunov functional. Numerical simulations to validating the
theoretical results are implemented in Section IV by apply-
ing the Preissmann numerical scheme. Finally Section V is
devoted to our conclusions.
II. STATEMENT OF THE PROBLEM AND MAIN RESULT
In this paper, we consider a 1D quasi-linear hyperbolic
system of the form :
∂ψ
∂t
(x, t) + F˜ (ψ(x, t))
∂ψ
∂x
(x, t) = 0, x ∈ (0, L), t ∈ R+,
(1)
where L is a positive constant, ψ : (0, L) × R+ → R is the
state in C([0,∞), H2(0, L)), and F˜ : R→ R is a C2 function
such that F˜ (σ) > 0 ∀ σ ∈ R. The initial condition is given by
ψ(·, 0) = ψ0 ∈ H2(0, L). Notice that H2(0, L) is the usual
Sobolev space defined by
H2(0, L) = {f ∈ L2(0, L) | f ′, f ′′ ∈ L2(0, L)}
where L2(0, L) denotes the usual Hilbert space of square
summable functions on the open set (0, L). The Sobolev space
H2(0, L) is normed by
‖f‖2H2 =
∫ L
0
(|f(x)|2 + |f ′(x)|2 + |f ′′(x)|2)dx
∀ f ∈ H2(0, L).
We consider the control u on the boundary x = 0, i.e.,
ψ(0, t) = u(t) , t ∈ R+ .
The output we wish to regulate is also located on the boundary
and eventually corrupted by an additive unknown disturbance,
i.e.
y(t) = ψ(L, t) + wo , t ∈ R+ ,
where wo ∈ R is an unknown constant. Our control objective
is to design a dynamic output feedback control law in order to
achieve asymptotic stabilization of the closed loop system and
to ensure that the output y(t) converges to a desired set-point
yr ∈ R, as t→∞.
In our study, the control action u(t) has the structure of
an integral controller. We assume that an unknown constant
disturbance may corrupt the control. Hence we write the
control law as follows
u(t) = −kIζ(t) + wc , ζ˙(t) = y(t)− yr
where wc ∈ R is an unknown constant and kI is a positive
constant called tuning parameter.
To summarize, the closed-loop system with disturbances is
governed by the following PDE :
∂ψ
∂t
(x, t) = −F˜ (ψ(x, t))∂ψ
∂x
(x, t)
ζ˙(t) = ψ(L, t)− yr + wo
ψ(0, t) = −kIζ(t) + wc
ψ(x, 0) = ψ0(x), ζ(0) = ζ0.
(2)
We are studying a nonlinear infinite-dimensional system con-
trolled by an integral controller faced with unknown constant
disturbances on the control and the output. The purpose of the
paper is to find sufficient conditions on the control parameter
kI > 0 such that the three objectives are realized : (a) the
closed-loop system (2) is well posed; (b) asymptotic stability
of the closed-loop system is guaranteed; and (c) the regulation
property holds
lim
t→∞ |y(t)− yr| = 0. (3)
As only the classical solutions are considered, in the fol-
lowing we restrict ourselves to study the solutions from the
initial data (ψ0, ζ0) in H2(0, L)×R which satisfy the C0 and
C1 compatibility conditions :{
ψ0(0) = −kIζ0 + wc
F˜ (ψ0(0))ψ
′
0(0) = kI(ψ0(L)− yr + wo).
(4)
To be simple the initial data with the compatibility condition
satisfied up to the required order are called compatible initial
data throughout the paper. From now on, the state space X for
(2) is the Hilbert space X = H2(0, L)×R equipped with the
norm ‖(f, z)‖2X = ‖f‖2H2 +z2. Note that due to the constants
w0, wc and yr, (ψ, ζ) = (0, 0) is not a steady state of the
closed-loop system. In fact the equilibrium denoted (ψ∞, ζ∞)
is defined as follows
ψ∞ = yr − wo, ζ∞ = k−1I (wo + wc − yr). (5)
Let BX((f, z), δ) denote the open ball in X centered at (f, z)
with radius δ > 0, i.e.,
BX((f, z), δ) = {(ψ, ζ) ∈ X | ‖(ψ, ζ)− (f, z)‖X < δ} .
Then the main result of the paper is stated as follows.
Theorem 1: There exist positive real constants k∗I and δ
such that, for each kI ∈ (0, k∗I ), and for every (yr, wo, wc) ∈
R3 and every compatible (ψ0, ζ0) ∈ BX((ψ∞, ζ∞), δ), the
following assertions hold true :
1) The closed-loop system (2) has a unique solution
(ψ, ζ) ∈ C([0,∞), X);
2) The solution of the closed-loop system (2) converges
exponentially to the equilibrium state (ψ∞, ζ∞) in the
state space X as t → ∞, and the disturbed output is
regulated to the desired set-point yr, i.e.,
lim
t→∞ |y(t)− yr| = 0 .
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3) There exist real constants M > 0 and ω > 0 such that
‖(ψ(·, t)− ψ∞, ζ(t)− ζ∞)‖X 6
Me−ωt‖(ψ0 − ψ∞, ζ0 − ζ∞)‖X ∀t > 0.
Remark :
The equilibrium state is some constant state determined by
yr, wo and wc. Though it is unknown a priori, the state of
the closed-loop system is bounded because of the asymptotic
stability property of the equilibrium. Moreover the output
is always regulated to the set-point independently of the
unknown disturbances. It is the virtue of the integral controller
that allows to suppress the static error and hence achieves
output regulation. A more general situation is explained in the
paper [33]. J
Remark :
The solution considered in Theorem 1 is a classical solution
in the sense of Li and Yu [20]. However the topology used
here is the topology induced by the Hilbert H2 norm instead
of the C1 norm. Moreover, we have only local exponential
stability of the equilibrium of the closed-loop system. For
initial compatible data outside some neighborhood of the
equilibrium, the classical solution to the Cauchy problem (2)
may not be extended on the whole positive time axis. J
The proof of Theorem 1 is given in the next section.
Our proof is based on the construction of an appropriate
Lyapunov functional. The direct Lyapunov approach allows us
to consider the tuning parameter kI relatively bigger than the
classical method (see [11], [25] and [30]). The proposed upper
bound on kI is computed directly from the given system. This
may be the advantage of our approach with respect to that of
the literature [25], [30], [33].
III. PROOF OF THE MAIN RESULT
To prove Theorem 1 we consider the following transforma-
tion :
φ(x, t) = ψ(x, t)− ψ∞ , ξ(t) = ζ(t)− ζ∞ (6)
where ψ∞ and ζ∞ are defined in (5). Then we obtain a
perturbation free nonlinear closed-loop system as follows :
φt(x, t) = −F (φ(x, t))φx(x, t) (7)
ξ˙(t) = φ(L, t) (8)
φ(0, t) = −kIξ(t) (9)
φ(x, 0) = φ0(x) = ψ0(x)− ψ∞ (10)
ξ(0) = ξ0 = ζ0 − ζ∞ (11)
where φt(x, t) denotes the time partial derivative of φ(x, t),
and we have defined F (φ) = F˜ (φ + ψ∞). In the new
coordinates, the output is written as
y(t) = φ(L, t) + yr.
Hence the output regulation to yr is achieved if
lim
t→∞ |φ(L, t)| = 0.
To guarantee the output regulation of the disturbed nonlinear
system (2), we design the integral controller so as to ensure
local asymptotic stabilization to the origin of the equivalent
system (7)-(11).
In the following, the integral stabilization problem of the
equivalent system is considered first for the linearized case in
Section III-A and then for the nonlinear case in Section III-B.
Finally the complete proof of Theorem 1 is presented in
Section III-C.
A. Linear hyperbolic system
The purpose of this Section is to study stability property
of the origin for the nonlinear hyperbolic system with an
integral controller on the boundary as described in (7)-(11). To
begin with, we consider the particular case where the system
is linear, i.e., F does not depend on φ. This is the case if
for instance the considered system is obtained by the tangent
linearization of the nonlinear system around the equilibrium
state. In this subsection, we consider the following linear
system :
φt = −rφx , r > 0 (12)
ξ˙ = φ(L, t), φ(0, t) = −kIξ(t) (13)
φ(x, 0) = φ0(x), ξ(0) = ξ0. (14)
To the system (12)-(14) is associated the state space Z which
is the Hilbert space Z = L2(0, L)×R equipped with the scalar
product
〈(φa, ξa), (φb, ξb)〉Z =
∫ L
0
φa(x)φb(x)dx+ ξaξb
∀ ((φa, ξa), (φb, ξb)) ∈ Z2.
and we denote by ‖ · ‖Z its associated norm. The first
stability result is obtained by employing the Laplace transform
approach.
Proposition 1: The closed-loop linear system (12)-(14) is
exponentially stable in Z w.r.t. L2 norm if and only if kI ∈(
0,
rpi
2L
)
.
The proof of this result can be obtained from [4, p.444,
Chapter 13] or from [16, Appendix Theorem A.5]. For the
reader’s convenience a simple proof is given in Appendix A.
By frequency-domain analysis it is possible to establish
some necessary and sufficient conditions on the parameter kI
for asymptotic stability of the equilibrium to the linear closed-
loop system (12)-(14). However the approach is no longer
applicable when dealing with a general nonlinear system. This
is the reason why we introduce a Lyapunov functional for
the linear system which allows us to tackle the nonlinear
hyperbolic system in the following section.
The Lyapunov functional candidate V : Z → R has the
following form :
V (φ, ξ) =
∫ L
0
[
φ2(x)e−µx + q1ξφ(x)e−
µx
2
]
dx+ q2ξ
2 (15)
where µ > 0 and qi > 0 ∀ i = 1, 2. Consider the function
Π : [0, 2] → R such that Π(z) = √z(2− z)e−z/2. We have
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Π(2 − √2) ' 0.3395 that is the maximum value of Π(z) in
[0, 2].
Given T > 0 and a function φ : (0, L) × (0, T ) → R, we
use the notation φ(t) := φ(·, t) when there is no ambiguity.
Assume that the initial condition is smooth enough so that the
solution of (12)-(14) is continuously differentiable with respect
to time t and space x. Then, by differentiating V (φ(t), ξ(t))
with time along the solution and by using integration by parts
we get
V˙ (φ(t), ξ(t)) = −re−µLφ2(L, t)− kI r(q1 − kI)ξ2(t)
− µr ∫ L
0
e−µxφ2(x, t)dx
+
(
2q2 − q1re−µL2
)
ξ(t)φ(L, t)
− µq1r
2
ξ(t)
∫ L
0
e−
µx
2 φ(x, t)dx
+ q1φ(L, t)
∫ L
0
e−
µx
2 φ(x, t)dx.
(16)
Lemma 1: Let k∗I =
(
r
2L
)
Π(2 − √2). Take kI ∈ (0, k∗I )
and µ ∈ (0, (2 − √2)/L] such that
(
r
2L
)
Π(µL) > kI . Let
q1 = 2kI and let q2 = rkIe−µL/2. Then there exist positive
constants M > 1 and α > 0 such that
M−1||(φ, ξ)||2Z 6 V (φ, ξ) 6M ||(φ, ξ)||2Z ∀ (φ, ξ) ∈ Z,
(17)
and for every smooth compatible (φ0, ξ0) ∈ Z
V˙ (φ(t), ξ(t)) 6 −αV (φ(t), ξ(t))−
(
re−µL
2
)
φ2(L, t). (18)
Proof : Rewrite V (φ, ξ) as follows
V (φ, ξ) =
∫ L
0
[
φ(x)e−µx/2
ξ√
L
]>
P
[
φ(x)e−µx/2
ξ√
L
]
dx
where
P =
[
1
√
Lq1
2√
Lq1
2 q2
]
.
We claim that the matrix P is positive definite. Indeed, we
have
det(P ) =
LkI
{
rΠ(µL)
2L
− kI + r
2L
e−µL/2
(
2−
√
µL(2− µL)
)}
.
Since
(
r
2L
)
Π(µL) > kI and µL < 2, it is easy to see that
det(P ) > rkI2 e
−µL2 . Hence there is some real constant M > 1
such that the inequality (17) holds.
By substituting the given q1 and q2 into (16) we have the
following
V˙ (φ(t), ξ(t)) = −re−µLφ2(L, t)− µr ∫ L
0
e−µxφ2(x, t)dx
− k2Irξ2(t)− µrkIξ(t)
∫ L
0
e−
µx
2 φ(x, t)dx
+ 2kIφ(L, t)
∫ L
0
e−
µx
2 φ(x, t)dx.
(19)
By using the Young and Cauchy-Schwarz inequalities we get
2kIφ(L, t)
∫ L
0
e−
µx
2 φ(x, t)dx
6
(
re−µL
2
)
φ2(L, t) +
(
2Lk2Ie
µL
r
)∫ L
0
e−µxφ2(x, t)dx
(20)
and∣∣∣∣∣µrkIξ(t)
∫ L
0
e−
µx
2 φ(x, t)dx
∣∣∣∣∣
6
(
rk2I
2
)
ξ2(t) +
(
rµ2L
2
)∫ L
0
e−µxφ2(x, t)dx. (21)
Substituting (20) and (21) into (19) leads us to the following
inequality
V˙ (φ(t), ξ(t)) 6 −
(
re−µL
2
)
φ2(L, t)−
(
k2Ir
2
)
ξ2(t)
−
( r
2L
Π(µL) + kI
)( r
2L
Π(µL)− kI
)
Jφ,ξ (22)
where
Jφ,ξ =
(
2L
r
)
eµL
∫ L
0
e−µxφ2(x, t)dx.
By the choice of µ, we have r2LΠ(µL) − kI > 0. It follows
from (22) that there exists a positive real number M1 such
that
V˙ (φ(t), ξ(t)) 6 −M1
(
ξ2(t) +
∫ L
0
e−µxφ2(x, t)dx
)
−
(
re−µL
2
)
φ2(L, t).
(23)
The required inequality (18) is true by (23) and (17). 2
Remark :
It can be noticed that the set of parameter kI which makes
the Lyapunov functional decreasing along solutions is smaller
than the set of parameter obtained from Proposition 1. Hence,
in the linear context our Lyapunov approach is conservative.
However the Lyapunov functional allows us to deal with
nonlinear systems as it will be shown in the next Section.
J
B. Nonlinear system
In this section, we consider the problem for the nonlinear
system (7)-(11) with F (0) = r > 0. By the designed integral
controller the nonlinear closed-loop system (7)-(11) is written
as follows
φt + F (φ)φx = 0
ξ˙ = φ(L, t)
φ(0, t) = −kIξ
φ(x, 0) = φ0(x), ξ(0) = ξ0.
(24)
Let us set :
s(x, t) = φx(x, t) , p(x, t) = φxx(x, t).
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By successive derivatives and compatibility conditions we find
that the dynamics of s(x, t) and p(x, t) are governed by the
following PDE, respectively,
st + F (φ)sx = −F ′(φ) s2
F (φ(0, t))s(0, t) = kIφ(L, t)
s(x, 0) = φ′0(x)
(25)
and
pt + F (φ)px = −3F ′(φ) s p− F ′′(φ) s3
F 2(φ(0, t))p(0, t) = kIF (φ(L, t))s(L, t)
−2kIF ′(φ(0, t))φ(L, t)s(0, t)
p(x, 0) = φ′′0(x).
(26)
Now we use the idea presented in [9] to extend the Lya-
punov functional from the linear system (in L2 norm) to the
nonlinear system (in H2 norm). Therefore local asymptotic
stability of the equilibrium state and the set-point output regu-
lation will be proved for the nonlinear closed-loop system (24).
To do that, we consider the Lyapunov functional candidate
S : X → R+ such that
S(φ, ξ) = V (φ, ξ) + q3V1(φx) + q4V1(φxx) (27)
where V (φ, ξ) is defined in (15) with q1 and q2 given in
Lemma 1 and
V1(φx) =
∫ L
0
e−µxφ2x(x)dx (28)
with the real positive constants q3 and q4 to be determined
later.
For the moment we assume that all the required regularity
is satisfied and carry out formal computations.
Lemma 2: The time derivative of V (φ(t), ξ(t)) along each
regular trajectory of the nonlinear system (24) is written as
follows
V˙ (φ(t), ξ(t))
= −re−µLφ2(L, t)− k2Irξ2(t)− µr
∫ L
0
e−µxφ2(x, t)dx
−µrkIξ(t)
∫ L
0
e−
µx
2 φ(x, t)dx+2kIφ(L, t)
∫ L
0
e−
µx
2 φ(x, t)dx
− φ3(L, t)F1(φ(L, t))e−µL + φ3(0, t)F1(φ(0, t))
+
∫ L
0
e−µx [F ′(0) + φ(x, t)F2(φ(x, t))]φx(x, t)φ2(x, t)dx
− µ
∫ L
0
e−µxF1(φ(x, t))φ3(x, t)dx
− 2kIξ(t)
∫ L
0
e−µx/2F1(φ(x, t))φ(x, t)φx(x, t)dx (29)
where
F (z) = F (0) + F1(z)z
F ′(z) = F ′(0) + F2(z)z
(30)
with F1(z) =
∫ 1
0
F ′(λz)dλ and F2(z) =
∫ 1
0
F
′′
(λz)dλ.
Proof : By differentiating V (φ(t), ξ(t)) along each regular
trajectory of (24) the following identity holds true
V˙ (φ(t), ξ(t)) = −
∫ L
0
2e−µxφ(x, t)F (φ(x, t))φx(x, t)dx
− q1
∫ L
0
e−µx/2F (φ(x, t))φx(x, t)ξ(t)dx
+ q1
∫ L
0
e−µx/2φx(x, t)dxφ(L, t) + 2q2ξ(t)φ(L, t).
By integration by parts and by using the boundary condition
(24) and the parameters q1 and q2 given in Lemma 1 as well
as the relations (30) we prove the required identity (29). 2
Similarly we may prove the following lemmas.
Lemma 3: With the same notations as in Lemma 2, the time
derivative of V1(φx(t)) along every regular trajectory of the
nonlinear system (24)-(25) is written as follows
V˙1(φx(t)) = −re−µLs2(L, t) + r−1k2Iφ2(L, t)
− rµ
∫ L
0
e−µxs2(x, t)dx− k2IF3(φ(0, t))φ(0, t)φ2(L, t)
− e−µLF1(φ(L, t))φ(L, t)s2(L, t)
−
∫ L
0
[(F (φ(x, t)))x + µF1(φ(x, t))φ(x, t)] e
−µxs2(x, t)dx
(31)
where F3(z) =
∫ 1
0
F ′(λz)
F 2(λz)
dλ.
Lemma 4: With the same notations as in Lemma 2, the time
derivative of V1(φxx(t)) along each regular trajectory of the
nonlinear system (24)-(26) is written as follows
V˙1(φxx(t)) =
− e−µLF (φ(L, t))p2(L, t) + k
2
IF
2(φ(L, t))
F 3(φ(0, t))
s2(L, t)
− µ
∫ L
0
e−µxF (φ(x, t))p2(x, t)dx
+
4k2I (F
′(φ(0, t))2
F 3(φ(0, t))
φ2(L, t)s2(0, t)
− 4k
3
IF (φ(L, t))F
′(φ(0, t))
F 4(φ(0, t))
s(L, t)φ2(L, t)
− 5
∫ L
0
e−µxF ′(φ(x, t))s(x, t)p2(x, t)dx
− 2
∫ L
0
e−µxF
′′
(φ(x, t))s3(x, t)p(x, t)dx. (32)
Let T > 0. For each function (φ, ξ) ∈ C([0, T ];C1[0, L]×
R) we define
‖(φ, φx, ξ)‖T,∞ = sup
t∈[0,T ]
|ξ(t)| +
+ sup
x ∈ [0, L]
t ∈ [0, T ]
|φ(x, t)| + sup
x ∈ [0, L]
t ∈ [0, T ]
|φx(x, t)|.
By combining results of Lemma 1-4 the following theorem is
obtained.
Theorem 2: Let the parameters kI , µ, q1 and q2 be
determined as in Lemma 1. Then there are positive real
constants q3, q4, δ and β such that, for each function (φ, ξ) ∈
C([0, T ];C3[0, L] × R) ∩ C1([0, T ];C2[0, L] × R) satisfying
IEEE TRANSACTIONS ON AUTOMATIC CONTROL 6
the PDE (24)-(26) and the condition ‖(φ, φx, ξ)‖T,∞ < δ, the
following differential inequality holds true
S˙(φ(t), ξ(t)) 6 −βS(φ(t), ξ(t)) ∀ t ∈ [0, T ]. (33)
Moreover there exists a positive constant K > 1 such that
K−1‖(φ, ξ)‖2X 6 S(φ, ξ) 6 K‖(φ, ξ)‖2X ∀ (φ, ξ) ∈ X.
(34)
Proof : Without loss of generality we assume that δ 6 1.
For the sake of simplicity we write CT = ‖(φ, φx, ξ)‖T,∞.
By Lemma 2, Lemma 1 and the Cauchy-Schwarz inequality
there exists a positive constant K1 > 0 such that
V˙ (φ(t), ξ(t)) 6 −αV (φ(t), ξ(t))− (r/2)e−µLφ2(L, t)+
+K1CT
[∫ L
0
e−µxφ2(x, t)dx+ ξ2(t) + φ2(L, t)
]
. (35)
Similarly, by Lemma 3 there exists a positive constant K2 > 0
such that
V˙1(φx(t)) 6 −(re−µL −K2CT )s2(L, t)
+ r−1k2Iφ
2(L, t)− rµ
∫ L
0
e−µxs2(x, t)dx
+K2CT
(
φ2(L, t) +
∫ L
0
e−µxs2(x, t)dx
)
. (36)
Similarly, by Lemma 4 there exists a positive constant K3 > 0
such that
V˙1(φxx(t)) 6
− (re−µL −K3CT )p2(L, t) + (r−2k2I +K3CT )s2(L, t)
+K3CTφ
2(L, t) +K3CT
∫ L
0
e−µxs2(x, t)dx
− (rµ−K3CT )
∫ L
0
e−µxp2(x, t)dx. (37)
As CT can be made as small as we like with δ, adding the
inequalities (35)-(37) and taking δ, q3 and q4 sufficiently small
lead us directly to the following differential relation
S˙(φ(t), ξ(t)) 6 −α
2
V (φ(t), ξ(t))
− q3rµ
2
∫ L
0
e−µxs2(x, t)dx
− q4rµ
2
∫ L
0
e−µxp2(x, t)dx. (38)
Therefore the theorem is proved by using (17), (27) and (38).
2
C. Proof of Theorem 1
With Theorem 2, we are now ready to prove the main result
of the paper.
Proof of Theorem 1 : We first prove the local existence of
a unique solution to the closed-loop system (7)-(11) for each
compatible initial state (φ0, ξ0) in H2(0, L)×R. The closed-
loop control system (7)-(11) is governed by the following PDE
coupled with an ODE through the boundary as follows:{
φt = −F (φ)φx, ξ˙ = φ(L, t)
φ(0, t) = −kIξ, (φ(x, 0), ξ(0)) = (φ0(x), ξ0).
(39)
Recall that X = H2(0, L) × R is equipped with the norm
‖(f, z)‖2X = ‖f‖2H2 + z2. Assume that the initial condition
(φ0, ξ0) is in BX(0, δ), δ > 0 and satisfies the C0 and C1
compatibility conditions as in (24) and (25).
By using the Theorem 1.2 and the Propositions 1.3-1.5 in
[28, pp.362-365], or [17, Theorem II] we deduce the existence
of a unique solution to (39) for some δ > 0 and T > 0 :
(φ, ξ) ∈ C([0, T ];H2(0, L)×R) ∩ C1([0, T ];H1(0, L)×R).
The reader is referred to [9] and [2, Appendix B] for a rigorous
proof to the initial boundary case.
Now we prove local exponential stability of the null state
to (39). Notice that each compatible w0 = (φ0, ξ0) ∈ X
admits a sequence of w0,n = (φ0,n, ξ0,n) ∈ H4(0, L) × R
satisfying the Ck compatibility condition, k = 0, 1, 2, 3, such
that limn→∞ ‖w0,n − w0‖X = 0 (cf. [7, p.130]). Hence
it is sufficient for us to prove the exponential stability for
w0 ∈ H4(0, L) × R. As the solution depends continuously
on the initial condition (see [17, Theorem III]), then the
exponential decay of solution from compatible w0 ∈ X is
proved by taking the limit.
Indeed, take a compatible w0 ∈ (H4(0, L)×R)∩BX(0, δ).
As stated above the system (39) has a unique solution w(t) in
H4(0, L)× R (cf. [28]) such that
w ∈ C([0, T ];H4(0, L)× R) ∩ C1([0, T ];H3(0, L)× R)
where w(t) = (φ(t), ξ(t)). By the continuous embedding (cf.
[7, p.167]) Hn(0, L) ↪→ Cn−1[0, L] ∀ n > 1 integer, we have
the solution
w ∈ C([0, T ];C3[0, L]× R) ∩ C1([0, T ];C2[0, L]× R).
Let ‖w0‖X < δ1 for some δ1 > 0. We choose δ1 >
0 sufficiently small such that ‖w0‖X < Kδ1 implies
‖(φ, φx, ξ)‖T,∞ < δ with smaller T if necessary (cf. [23,
Theorem 2.2 , p.46]). Notice that K and δ are defined in our
Theorem 2. Then direct application of Theorem 2 allows us
to get ‖w(T )‖X < Kδ1. Since the system is autonomous, the
same argument can be used on the time interval [T, 2T ]. By
successive iterations we obtain the differential inequality (33)
satisfied for all t > 0. By (33)-(34) we find positive constants
M and ω such that
‖w(t)‖X 6Me−ωt‖w0‖X ∀ w0 ∈ BX(0, δ1).
The regulation effect is automatically guaranteed, since w ∈
C([0,∞);H2(0, L) × R). Hence the proof of Theorem 1 is
complete. 2
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Fig. 1: Evolution of ψ(x, t)
Fig. 2: Evolution of input u(t)
IV. NUMERICAL SIMULATIONS
The performance of the integral controller on the linearized
system has been studied through numerical simulations and
discussed in the paper [29]. Here the simulations are done
on the nonlinear system to validate the theoretical results
of Theorem 1. These simulations are realized by using the
discretization method with the Preissmann scheme [22]. The
details of the method have been presented in our paper [29]
with the following parameters : N, θ, ∆t and ∆x. Note that
N is the number of discretized space intervals, ∆t and ∆x are
the time discretization step and the space discretization step,
respectively, and the weight parameter θ ∈ [0.5, 1] is made
use of to compute the value of a function from its neighbor
values. In this section, the parameters take the following
values: L = 50m, N = 100, θ = 0.55, and
∆t
∆x
= 0.5.
Moreover, to simulate the nonlinear closed-loop system (2),
the following flux function and numerical values are applied:
F (ψ) = ψ2 + 3, kI = 0.05, and yr = 0.5. The constant
perturbations on the output and on the control are given by
wo = 0.1 and wc = 0.05, respectively.
Figure 1 shows asymptotic stability of the nonlinear closed-
loop system and illustrates the evolution of the state ψ(x, t).
Fig. 3: Evolution of error |y(t)− yr|
Fig. 4: Evolution of output y(t)
Moreover the regulation of the output y(t) to the desired set-
point yr is illustrated by Figure 3 and Figure 4. Finally Fig-
ure 2 shows the evolution of the control input u(t) perturbed
by wc. As clearly indicated by the simulations, by virtue of the
integral action the output converges to the set-point as t→∞
independently of the constant perturbations.
V. CONCLUSIONS
We have considered the design of stabilizing integral con-
trollers for the nonlinear systems described by scalar hyper-
bolic PDE. First we have proposed an interval of integral
gain for stabilization and then proved exponential stability of
the linearized system controlled by the designed controller.
Moreover, for the linearized system we have been able to
establish a necessary and sufficient condition for the integral
gain to get exponential stability of the controlled system in the
L2 norm. Then we have proved local exponential stability of
the nonlinear controlled system by the same integral controller
in the H2 norm. Both of two main proofs have used Lyapunov
techniques with the Lyapunov functions in the quadratic form.
The regulation of the output to the set-point is automatically
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guaranteed from the local exponential stability of the closed-
loop system in H2 norm. Numerical simulations for the
nonlinear closed-loop system have been carried out to validate
the performance of the controlled system. In the future, the
work is to extend the design of stabilizing PI controllers for
networks of scalar systems governed by nonlinear hyperbolic
PDE.
APPENDIX
A. Proof of Proposition 1
A necessary and sufficient condition for exponential stability
of the system (12)-(14) is that all the poles of the transfer
function have negative real part (see [34], [4, Chapter 13],
or [16, Appendix Theorem 3.5]). To formulate the transfer
function, we set v(t) as the new control input with y(t) as the
output :
φ(0, t) = −kIξ(t) + v(t), y(t) = φ(L, t). (40)
By taking the Laplace transform in (12)-(14), we obtain:
sφˆ+ rφˆx = 0 (41)
sξˆ = φˆ(L, s), (42)
φˆ(0, s) = −kI ξˆ(s) + vˆ(s) , yˆ(s) = φˆ(L, s) (43)
From (41) we have the solution φˆ(x, s) = φˆ(0, s)e−sr
−1x.
Combining it with (42) and (43), we obtain:
yˆ(s) = φˆ(L, s) = φˆ(0, s)e−sLr
−1
=
e−sLr
−1
(−kI ξˆ(s) + vˆ(s)) = e−sLr−1
(
−kI yˆ(s)
s
+ vˆ(s)
)
Hence, (
1 +
kI
s
e−sLr
−1
)
yˆ(s) = e−sLr
−1
vˆ(s)
Therefore we get the transfer function as follows:
G(s) =
yˆ(s)
vˆ(s)
=
s
kI + sesLr
−1
The poles of transfer function are solutions of the following
equation :
kI + se
sLr−1 = 0 (44)
We set
µ = sLr−1 and α = kILr−1. (45)
Note that α > 0. The characteristic equation now becomes
α+ µeµ = 0 (46)
The proposition is proved if we show that the equation (46) has
all the solutions µ in the left-half complex plane <e(µ) < 0
if and only if α ∈ (0, pi
2
).
Let set µ = σ+ iη, where σ, η ∈ R. Then (46) is rewritten as
follows :
(σ + iη)eσ+iη + α = 0
By separating the real part and the imaginary part, we obtain:
− eσ(σcos(η)− ηsin(η)) = α (47)
ηcos(η) + σsin(η) = 0 (48)
We consider the following two cases.
• If sin(η) = 0, by (48), η cos(η) = 0 implies η = 0.
From (47), we have α = −σeσ . The last equation has no
solution σ > 0 whatever is α > 0. Hence each solution
σ is negative if and only if α ∈ (0, pi/2).
• If sin(η) 6= 0, from (48),
σ = −ηcos(η)
sin(η)
(49)
Thus α = H(η) where
H(η) =
η
sin(η)
exp
(−ηcos(η)
sin(η)
)
Because H(η) is a pair function, we only need to consider
the case where η > 0. Thus α > 0 if and only if sin(η) >
0. As η > 0 and sin(η) > 0, we set η = γ+ 2kpi, where
γ ∈ (0, pi) and k ∈ N.
Now considering the function H(η), we have :
∂H(η)
∂η
= e
−ηcos(η)
sin(η) sin
2(η)− ηsin(2η) + η2
sin3(η)
One can easily check that sin2(η)− ηsin(2η) + η2 > 0
for all η > 0. Therefore,
∂H(η)
∂η
> 0. Hence, on each
interval (2kpi, 2kpi+pi), the function H(η) is continuous
and monotonic increasing. Moreover we have
lim
η→(2k+1)pi−
H(η) = +∞, lim
η→2kpi+pi2
H(η) = 2kpi +
pi
2
.
In addition, lim
η→2kpi+
H(η) = 0 ∀ k ∈ N and k > 0, and
lim
η→0
H(η) = e−1. By (49) and η = γ + 2kpi,we have
σ < 0 if and only if γ ∈ (0, pi2 ). Obviously σ > 0 if
γ ∈ [pi2 , pi). Therefore σ < 0 if and only if the equation
H(η)−α = 0 has all its solutions in ∪∞k=0(2kpi, 2kpi+ pi2 ).
Since α needs to be in one interval including 0, we have
α ∈ (0, pi2 ).
From the two cases, the proposition is proved.
ACKNOWLEDGMENT
The authors would like to thank the editors and the anony-
mous reviewers for their useful suggestions.
REFERENCES
[1] G. Bastin, J.M. Coron and S.O. Tamasoiu, Stability of linear density-flow
hyperbolic systems under PI boundary control, Automatica 53, pp.37-42,
2015.
[2] G. Bastin and J.M Coron, Stability and Boundary Stabilization of 1-D
Hyperbolic Systems, PNLDE (88), Birkhäuser, 2016.
[3] S. Blandin, X. Litrico, M.L. Delle Monache, B. Piccoli, A. Bayen, Regu-
larity and Lyapunov stabilization of weak solutions to scalar conservation
laws, to appear in the IEEE Transactions on Automatic Control, 2016.
[4] R. Bellman and K.L Cooke. Differential-difference equations, Academic
Press, New York, 1963.
[5] H. Bounit, H. Hammouri and J. Sau, Regulation of an irrigation channel
through the semigroup approach, in Proceedings of the workshop on
Regulation and Irrigation Canals, pp. 261-267, Marrakesh, 1997.
IEEE TRANSACTIONS ON AUTOMATIC CONTROL 9
[6] A. Bressan, Hyperbolic systems of conservation laws: the one-
dimensional Cauchy problem, Oxford university press, vol.20, 2000.
[7] H. Brezis, Analyse fonctionnelle - Théorie et applications, Collection
Mathématiques appliquées pour la maîtrise sous la direction de P.G.
Ciarlet et J.L. Lions, Masson, Paris, 1983.
[8] J. Burgers, A mathematical model illustrating the theory of turbulence,
Advances in Applied Mechanics, vol.1, pp.171-199, 1999.
[9] J.M. Coron, B. d’Andréa-Novel and G. Bastin, A strict lyapunov function
for boundary control of hyperbolic systems of conservation laws, IEEE
Transactions on Automatic Control, vol.52, pp.2-11, 2007.
[10] J.M. Coron and G. Bastin, Dissipative boundary conditions for one-
dimensional quasilinear hyperbolic systems: Lyapunov stability for the
C1 norm, SIAM Journal on Control and Optimization 53, pp.1464-1483,
2015.
[11] E.J. Davison, Multivariable tuning regulators: the feedforward and robust
control of a general servomechanism problem, IEEE Transactions on
Automatic Control, vol.21, pp.35-47, 1976.
[12] V. Dos Santos, G. Bastin, J. M. Coron and B. d’Andréa-Novel, Boundary
control with integral action for hyperbolic systems of conservation laws:
stability and experiments, Automatica 44, pp.1310-1318, 2008.
[13] V. Dos Santos and C. Prieur, Boundary control of open channels with
numerical and experimental validations, IEEE Transactions on Control
Systems Technology 16, pp.1252-1264, 2008.
[14] D. Georges, Infinite-dimensional nonlinear predictive controller design
for open channel hydraulic systems, in Proceedings of the Workshop on
Irrigation Channels and Related Problems, Salerno, Italy, 2008.
[15] J. Greenberg and T. Li, The effect of boundary damping for the
quasilinear wave equation, Journal of Differential Equations 52, pp.66-75,
1984.
[16] J.K Hale and S.M Verduyn Lunel. Introduction to functional differential
equations, Applied Mathematical Sciences 99, Springer-Verlag, New
York, 1993.
[17] T. Kato, The Cauchy problem for quasi-linear symmetric hyperbolic
systems, Archive for Rational Mechanics and Analysis 58, pp.181-205,
1975.
[18] M. Krstic and A. Smyshlyaev, Backstepping boundary control for first-
order hyperbolic PDEs and application to systems with actuator and
sensor delays, Systems & Control Letters 57, pp.750-758, 2008.
[19] P.O. Lamare, N. Bekiaris-Liberis and A.M. Bayen, Control of 2 × 2
linear hyperbolic systems: backstepping-based trajectory generation and
PI-based tracking, in Proceedings of the European Control Conference
2015, Linz, Austria, July 2015.
[20] T. Li and W. Yu, Boundary value problems for quasi linear hyperbolic
equations, Duke University Mathematics, 1985.
[21] M.J. Lighthill and G.B. Whitham, On kinematic waves. ii. a theory of
traffic flow on long crowded roads, Proceedings of the Royal Society of
London, Mathematical, Physical and Engineering Sciences 229, pp.317-
345, 1955.
[22] D.A. Lyn, S.M. Asce, P. Goodwin, S.M. Asce, Stability of a general
Preissmann scheme, Journal of Hydraulic Engeneering 113, pp.16-28,
1987.
[23] A. Majda, Compressible fluid flow and systems of conservation laws
in several space variables, Applied Mathematical Sciences 53, Springer-
Verlag New York Inc., 1985.
[24] V. Perrollaz, Asymptotic stabilization of entropy solutions to scalar
conservation laws through a stationary feedback law, Annales de l’Institut
Henri Poicaré (C) Non Linear Analysis 30, pp.879-915, 2013.
[25] S. A. Pohjolainen, Robust multivariable PI-controllers for infinite dimen-
sional systems, IEEE Transactions on Automatic Control 27, pp.17-30,
1982.
[26] D.L. Russell, Controllability and stabilizability theory for linear partial
differential equations: Recent progress and open questions, SIAM Review
20, pp.639-739, 1978.
[27] S.O. Tamasoiu, Stabilization and boundary control for balance and
conservation laws, PhD thesis, Friedrich Alexander Universitat Erlangen
Nurnberg (FAU), 2014.
[28] M.E. Taylor, Partial Differential Equation III Nonlinear Equation,
Applied Mathematical Sciences 117, Springer, 1996.
[29] N.T. Trinh, V. Andrieu and C.Z. Xu, PI regulation control of a fluid
flow model governed by hyperbolic partial differential equations, in
Proceeding of the International Conference on System Engineering,
Coventry, England, 2015.
[30] C.Z. Xu and H. Jerbi, A robust PI controller for infinite dimensional
systems, International Journal of Control 61, pp.33-45, 1995.
[31] C.Z. Xu and D.X. Feng, Symmetric hyperbolic systems and applica-
tions to exponential stability of heat exchanges and irrigation canals,
in Proceedings of the Mathematical Theory of Networks and Systems,
Perpignan, 2000.
[32] C.Z. Xu and D.X. Feng, Linearization method to stability analysis
for nonlinear hyperbolic systems, Comptes Rendus de l’Academie des
Sciences, Série I, pp.809-814, Paris, 2001.
[33] C.Z. Xu and G. Sallet, Multivariable boundary PI control and regulation
of a fluid flow system, Mathematical Control and Related Fields 4,
pp.501-520, 2014.
[34] C.Z. Xu, J.P. Gauthier and I. Kupka, Exponential stability of the heat
exchanger equation, in Proceedings of the European Control Conference,
Groningen, The Netherlands, pp.303-307, 1993.
Ngoc-Tu Trinh graduated in electrical engineering
from Hanoi University of Science and Technology,
Vietnam, in 2012. Afterwards, he received the Mas-
ter degree in Automatic control and Systems engi-
neering from University of Lyon, France in 2014.
He is currently doing a Ph.D in the same institution
on the control and regulation of nonlinear hyperbolic
partial differential equations.
Vincent Andrieu graduated in applied mathemat-
ics from INSA de Rouen, France, in 2001. Af-
ter working in ONERA (French aerospace research
company), he obtained a PhD degree from Ecole
des Mines de Paris in 2005. In 2006, he had a re-
search appointment at the Control and Power Group,
Dept. EEE, Imperial College London. In 2008, he
joined the CNRS-LAAS lab in Toulouse, France,
as a CNRS-chargé de recherche. Since 2010, he
has been working in LAGEP-CNRS, Université de
Lyon 1, France. In 2014, he joined the functional
analysis group from Bergische Universität Wuppertal in Germany, for two
sabbatical years. His main research interests are in the feedback stabilization
of controlled dynamical nonlinear systems and state estimation problems. He
is also interested in practical application of these theoretical problems, and
especially in the field of aeronautics and chemical engineering.
Cheng-Zhong Xu received the PhD degree in au-
tomatic control and signal processing from Insti-
tut National Polytechnique de Grenoble, France, in
1989, and the Habilitation degree in applied math-
ematics and automatic control from University of
Metz in 1997. From 1991 through 2002 he was
chargé de recherche (research officer) in INRIA
(Institut National de Recherche en Informatique et
en Automatique).
Since 2002 he has been a professor of automatic
control in University of Lyon, France. From 1995
through 1998 he was an associated editor of the IEEE Transactions on
Automatic Control. Currently he is associated editor of the SIAM Journal
on Control and Optimization. His research interests include control of dis-
tributed parameter systems and its applications to mechanical and chemical
engineerings.
